We report the high-resolution crystal structures of an extensively simplified variant of bovine pancreatic trypsin inhibitor containing 20 alanines (BPTI-20st) and a reference single-disulfide-bonded variant (BPTI-[5,55]st) at, respectively, 1.39 and 1.09 Å resolutions. The sequence was simplified based on the results of an alanine scanning experiment, as reported previously. The effects of the multiple alanine substitutions on the overall backbone structure were surprisingly small (C ␣ atom RMSD of 0.53 Å) being limited to small local structural perturbations. Both BPTI variants retained a wild-type level of trypsin inhibitory activity. The side-chain configurations of residues buried in the hydrophobic cores (<30% accessible surface area) were almost perfectly retained in both BPTI-20st and BPTI-[5,55]st, indicating that neither multiple alanine replacements nor the removal of the disulfide bonds affected their precise placements. However, the side chains of three partially buried residues (Q31, R20, and to some extent Y21) and several unburied residues rearranged into alternative dense-packing structures, suggesting some plasticity in their shape complementarity. These results indicate that a protein sequence simplified over its entire length can retain its densely packed, native side-chain structure, and suggest that both the design and fold recognition of natively folded proteins may be easier than previously thought.
T
he protein folding problem (1), or how a protein structure is encoded in its amino acid sequence, remains fundamentally unsolved. Indeed, an astronomical number of sequences are generated by the combination of the 20 natural amino acids at each site of a sequence, but few of these can fold into native, fully functional protein structures. However, the information contained in natural amino acid sequences is redundant (2, 3) ; namely, a small fraction of the information can fully determine a protein structure (4, 5) . Protein sequence simplification has emerged as a method of choice in deciphering the determinants of protein structures.
Information redundancy can be conceptually classified into class and site redundancy (6) . Class redundancy refers to the overlapping physicochemical properties of the amino acids, and it can be removed by designing proteins with a reduced amino acid alphabet (7) . Class redundancy has been reported in the Src SH3 domain, for which a functional variant with 70% of its sequence encoded by only five amino acids types was identified by phage display (8) . Similarly, simplified variants of chorismate mutase (9) and orotate phosphoribosyl transferase (10) , with sequences predominantly encoded by only nine amino acid types, rescued auxotrophic host cells lacking the respective enzymes.
Site redundancy refers to the occurrence of several residues in a protein's amino acid sequence that do not contribute to the formation of the structure, except that their backbone atoms act as linker residues in the amino acid sequence. Alanine is often used as a natural representative of such linker residues because its side chain is small enough to avoid steric clashes and does not introduce excessive flexibility into the backbone structure (11) . Site redundancy was first demonstrated experimentally in the T4 lysozyme sequence, in which 10 consecutive residues at positions 40-49 were substituted with alanines with very little effect, if any, on its structure and function (12) . Simplified variants of the Arc repressor, containing up to 11 alanine substitutions in 53 residues, were also shown by circular dichroism to be folded correctly and retained a wild-type level of DNA-binding activity (13) . In line with these developments, we recently reported that bovine pancreatic trypsin inhibitor (BPTI) variants with up to 47% alanines could fold into a native BPTI-like structure (6) , and that their thermodynamics were, in most aspects, very similar to those of natural globular proteins (14) .
These reports, based on functional or spectroscopic assays, strongly suggest that proteins with simplified sequences can remain folded and retain some or all of their functions. However, very few if any high-resolution structures of simplified proteins are presently available, and when available, they report either modest simplifications of short sequence segments (12) or modifications to a small number of residues located in the protein core (15, 16) . Especially, no high-resolution structure of a protein simplified over its entire sequence is yet available. Such high-resolution structures could truly address the question of the sequence determinants of protein structures by providing a precise picture of how side-chain packing is affected by extensive sequence simplification.
Here, we report the high-resolution crystal structure of an extensively simplified BPTI in which over one-third of the residues are alanines, spread over its entire sequence. BPTI-21 (containing 21 alanines) was first designed by simultaneously substituting the least destabilizing BPTI- [5, 55] residues to alanines (6), according to an alanine scanning experiment, in which each residue was individually changed to alanine and the stability of the mutated BPTIs were experimentally measured (17) . Among the substitution sites, three residues are fully buried and two are partially buried. In the present study, we stabilized BPTI-21 by introducing an A14G substitution (18) that yielded BPTI-20st. As a control for the native structure, we determined the structure of a stabilized BPTI- [5, 55] variant (BPTI- [5, 55] st; BPTI- [5, 55] with the A14G mutation), which is a single-disulfide-bonded BPTI variant regarded as a reference native molecule in several protein folding experiments (19) . The effects of multiple alanine substitutions were surprisingly few. The overall structure of BPTI-20st was very similar to those of BPTI- [5, 55] st and the wild-type BPTI, and the side-chain configurations of the deeply buried residues were almost perfectly retained. Alternative or new side-chain configurations were observed for a few partially buried residues.
Results and Discussion
Structures of the Simplified BPTIs. The space group of BPTI-20st and BPTI- [5, 55] st was P2 1 2 1 2 1 and P12 1 1 with four and two molecules per unit cell, respectively. High-resolution anisotropic models of BPTI-20st and BPTI- [5, 55] st were determined at resolutions of 1.39 and 1.09 Å, respectively, and with crystallographic R factors of 0.1565 and 0.1811 (Table 1 ). All residue side chains had excellent electron density maps, in both BPTI-20st and BPTI- [5, 55] st. The overall backbone fold of both BPTI-20st and BPTI- [5, 55] st was very similar to that of wild-type BPTI (Fig. 1A) , with overall backbone root mean square deviations (RMSDs) of 0.55 and 0.47 Å, respectively (when compared with the 5PTI structure), whereas the RMSDs among wild-type structures are between 0.40 and ϳ0.44 Å, reflecting experimental error arising from variable crystallization conditions [see supporting information (SI) Table S1 ; also see Figs. S1-S5 and Tables S2 and S3 ]. These structural observations were corroborated by the full trypsin inhibition activity of the simplified sequence (Fig. S2) .
Small, local structural perturbations in the 13-17 loop, 25-28 ␤-turn, and 47-54 ␣-helix regions were clearly demonstrated by calculating the distances between the C ␣ atoms of the simplified BPTI and those of the wild-type BPTIs (Fig. 1C) . Structural perturbations in the 13-17 and 25-28 regions are also observed in several wild-type structures, suggesting that these loop regions are flexible and tend to be distorted. In contrast, no distortion is observed in the 47-54 ␣-helix region of the wild-type structures, except for the 4PTI wild-type structure ( Fig. S3 a and b) , which suggests that the distortion in the ␣-helix region, although it can occasionally occur in the wild-type structure, is essentially attributable to the multiple alanine substitutions. Furthermore, when separately fitted, the 47-54 ␣-helix structures of the simplified BPTI could be superimposed almost perfectly onto that of the wild type, indicating that the entire ␣-helix moved toward the 29-35 ␤-strand without affecting the ␣-helix structure, per se (Fig. S3c) .
Side-Chain Packing in the Simplified BPTIs. Overall, the side-chain geometries of both BPTI-20st and BPTI- [5, 55] st were similar to that of the wild-type BPTI (RMSD between heavy atoms, 0.75-1.06 Å; the RMSDs of residues substituted with alanines were calculated by using their C ␤ atoms). However, a classification of the side-chain configuration changes according to their side-chain accessible surface area (ASA) values yielded some interesting insights into how the protein core is packed.
First, the side-chain configurations of all of the buried residues (ASA 0-30%) were surprisingly well conserved in both BPTI-20st and BPTI- [5, 55] st. The side-chain RMSDs and 1 deviations were 0.01-0.39 Å and 0.24-11.2°, respectively (Figs. 2 and 3 ). These variations are fully within the values observed among the wild-type BPTI structures and can thus be essentially attributed to differences in the crystallization conditions. This extreme conservation is all the more surprising because three buried residues (C30, C51, and T54) were substituted with alanines without apparently disturbing the side-chain packing of the other buried residues. It is also worth noting that the buried structural water molecules conserved in the wild-type BPTI structures were almost perfectly conserved in both simplified BPTIs (Fig. S5 and Table S2 ).
Three partially buried residues (ASA 30-50%; R20, Y21, and Q31) were observed in alternative configurations (Fig. 3 ) that are absent from any wild-type structures (Fig. S4 ) and may thus be attributed either to the removal of the disulfide bonds or to the multiple alanine substitutions, rather than to differences in the crystallization conditions. Q31 and R20 were observed in dual configurations in one of the four BPTI-20st chains (Fig. 4) . Substitutions of buried and partially buried residues to alanine could have created small packing defects due to the removal of the side-chain atoms beyond C ␤ . However, the BPTI-20st structure indicates that all potential packing defects were filled by tiny displacement of the nearby side-chain atoms. For example, potential defects arising from the T32A and T54A substitutions were filled by small displacements of the nearby Y21 and F4 side chains, respectively ( Fig. 4D and Table S3 ). Furthermore, in all four BPTI-20st chains, the Y21 side chain was displaced by 1.2-1.4 Å (Fig. 4D) , which enabled the formation of a hydrogen bond between its OH group and a water molecule (HOH5271). This interaction does not occur in either the wild-type or the BPTI-[5,55]st struc- Figures in parentheses refer to data obtained using MolProbity (37) . ‡ The bad bond angle reported by MolProbity is that of A58, the C-terminal residue of BPTI-20st.
tures. Interestingly, these changes had no effect on the melting temperatures (T m ) of the simplified BPTIs (M.M.I., et al., unpublished work).
Finally, the side-chain configurations of surface residues (ASA 50-100%) were quite variable (Figs. 2 and 3 ), but such structural variations are also observed among the wild-type BPTI structures (Fig. S4 ). For example, the variations in the side-chain configurations of L6, E7, R17, R42, and D50, as assessed by RMSDs, were also observed in the different wild-type structures (Fig. S4) . Thus, most configurational changes in the surface residues are probably unrelated to the multiple alanine substitutions.
Effect of Sequence Simplification on Core Packing. We simplified the sequences based on the individual residue's contribution to the BPTI structure stability (6), as assessed by an alanine scanning experiment (17) . A priori, we imagined that the replacement of large side chains to the small alanine side chain's methyl group might provide spaces facilitating alternate side-chain conformations of nearby residues resulting into either an alternative densely packed protein interior or a molten globule-like protein interior (20, 21) . However, our observations indicate that the replacement of three buried residues [C30, C51, and T54 (Fig. 3) ] and two partially buried residues (L29 and T32) does not significantly affect the precise side-chain shape complementarity in the protein core, i.e., in a jigsaw-puzzle-like manner (22), except for the few local perturbations reported above. This observation is consistent with an alanine scanning experiment in which the substitution of any of the six core residues (F4, F22, Y23, F33, Y35, and F45) caused BPTI- [5, 55] to unfold (17) , probably by creating large packing defects that could not be accommodated in the finely interdigitized side-chain structure. A similar view is supported by ␣-helical coiled-coil structures that can switch from dimers to trimers and tetramers upon the substitution of a few core residues (23), as well as by a three-helix fold that can switch to an ␣/␤ fold by changing as few as 12% of the amino acids (24) . Previous reports suggest that the cores of some large proteins are more resilient to extensive repacking. For example, the highresolution structure analyses of T4 lysozyme in which 10 residues in the core were simultaneously mutated to methionine residues (15) and of a staphylococcal nuclease with six core residues mutated to c) A B C Fig. 3 . Side-chain conformations. Side-chain structures of buried (ASA 0ϳ30%) (A), partially buried (ASA 30ϳ50%) (B), and surface-exposed (ASA 50ϳ100%) residues (C). Chain 1 of BPTI- [5, 55] st and chain 3 of BPTI-20st are superimposed onto that of 5PTI. Dual conformations observed in 5PTI are shown (E7, L29, C38, K26, K46, E49, and R53). Residues that are glycine in the wild sequences (G12, G28, G36, G37, G56, and G57) and the C-terminal A58 are not shown. Multiple alanine substitution sites are shown by yellow identities. Color codes are the same as in Fig. 1B . Significant conformational variability among the wild-type structures is observed for R1 and E7, indicating that the structural variations visible in image C are related to differences in crystallization conditions (see Figs. S3 and S4 for comparison among wild-type structures).
leucine (16) , indicating that they retain native structures, suggest some plasticity in the formation of the cores of large proteins. In BPTI, which is a small protein, we observed such flexibility, at a more modest level, for some partially buried residues of the BPTI-20st.
Possible Implications for Protein Design and Fold Recognition. The response to the packing defects introduced by extensive sequence simplification seems to involve only the local displacement of backbone atoms, accompanied by minimal side-chain configuration changes, but without any major rearrangement of the buried side-chain configurations. As an ideal model for small proteins, we may hypothesize that each backbone structure has one unique corresponding side-chain packing arrangement of the core residues, and that all sequences producing a similar backbone structure, to within a few sub-angstroms (e.g., 0.5-1.0 Å), will have either fully conserved buried residues or a small number of mutations that are easily accommodated by minimal side-chain or local backbone packing rearrangements. This hypothesis implies that fold recognition (25, 26) and de novo design (27) (28) (29) of native proteins can be simplified by restricting any detailed analysis to the small number of deeply buried residues of the template structure, because the physicochemical constraints at the remaining residues appears to be minor.
Conclusions
We report the high-resolution structural analysis of an extensively simplified BPTI variant, in which over one-third of the residues are alanines. The overall backbone and side-chain configurations were well retained. In particular, the side-chain configurations of deeply buried residues were fully conserved in both BPTI-20st and BPTI- [5, 55] st. In contrast, there was some degree of plasticity in the conformations of a few partially buried residues, whose side chains were rearranged into novel, densely packed structures. Thus, some residues (mostly buried ones) seem to interact strongly and act like a jigsaw puzzle model, whereas some others (mostly partially buried residues) are able to rearrange into alternative side-chain conformations for accommodating structural perturbations arising from mutations of nearby residues. Together, these observations indicate that most protein structure determinants occur at a few sites deeply buried in the protein core, at least for small globular proteins.
Materials and Methods
Protein Expression and Purification. BPTI variants were expressed by using the pMMHA expression vector in the Escherichia coli JM109(DE3)pLysS cell line as inclusion bodies, and purified as described in ref. 14. After cell lysis by sonication, the cysteines were air-oxidized overnight in 6 M GnHCl at room temperature. The fusion partner, a His-tagged Trp⌬LE leader, was cleaved by cyanogen bromide treatment of methionine and removed as precipitate upon dialysis in 20 mM 
